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Polycrystalline silicon thin films deposited via low-pressure chemical vapour deposition
(LPCVD) have a rough surface and a resistance which is too high for use within
microelectronic devices. However, both of these problems may be overcome by in situ
doping of the polycrystalline silicon films with phosphorus by introducing PH3/N2 and
SiH4/N2 mixtures simultaneously into a LPCVD reactor but, such doping requires a high
temperature furnace step (∼=950 ◦C) to bring the resistivity down to the required level. In
general, prolonged exposure to high temperature is undesirable since it not only reduces
the resistivity of the polycrystalline silicon film but also disturbs the existing dopant
profiles and alters the structure of the films deposited. This ultimately makes the devices
fabricated unreliable, difficult to reproduce and thus a broad device specification in batch
production. The solution is to decrease the furnace temperature or reduce the time the
devices are kept at high temperature. The latter may be achieved by using a technique
known as rapid thermal annealing (RTA). In this paper we examine rapid thermal annealing
as a quick method of redistributing the dopants in order to achieve a lower sheet
resistance. The results obtained are compared with conventional furnace annealing. It will
be shown that rapid thermal annealing is an attractive and often better alternative to
conventional annealing. C© 1999 Kluwer Academic Publishers

1. Introduction

Low-pressure chemical vapour deposition (LPCVD)
has become a well established technology for the de-
position of polycrystalline silicon, silicon nitride, sili-
con oxide and semi-insulating polysilicon thin films for
the manufacture of microelectronic devices [1–3]. Nor-
mally, for the deposition of polysilicon, 100% silane
is introduced into the LPCVD reactor at∼=630◦C re-
sulting in the deposition of thin films of silicon which
have a polycrystalline structure. The structure of the
deposited films is highly dependent upon the reactor
temperature since below 580◦C amorphous films are
formed whereas polycrystalline films are formed above
this temperature [4]. However, both the resistivity and
the surface roughness of the resulting polycrystalline
silicon films are too high for many microelectronic de-
vices. High temperatures of the order of 950◦C in an at-
mosphere of nitrogen are used to anneal the polysilicon
films and a lower resistance is achieved by introducing
small amounts of phosphorus, boron or arsenic into the
films. Phosphorus doping may be achieved by introduc-
ing POCl3 at a high temperature or alternatively by in-
troducing 1% PH3 in N2 during LPCVD simultaneously
with 100% silane in order to reduce the film resistance.
In situphosphorus doping is potentially very attractive
since deposition and doping can be carried out in a sin-
gle step thus reducing both processing time and cost.
However, it results in poor uniformity and low growth

rates [5–7]. The within-wafer uniformity degrades
from better than±3% for undoped films to worse than
±60% in many cases for doped films. Growth-rates
drop dramatically from about 100̊A/min for undoped
films to less than 10̊A/min for in situ phosphorus-
doped films. These problems have been investigated
extensively. Low deposition rates have been overcome
by using a more reactive precursor of silicon e.g. dis-
ilane which increases the deposition rate ofin situ
doped polysilicon by over 20 orders of magnitude.
For undoped polycrystalline silicon the deposition rate
from disilane is nearly twice that achieved when silane
was used as a silicon precursor [8]. Poor within-wafer
uniformity has been considerably improved using ei-
ther wafer cages or ultra-low pressures [9, 10]. Re-
gardless of the silicon precursor used the problems
of high resistivity and rough surface still persist. Al-
though the arguments presented in this work relate to
in situ doping using silane, they are highly likely to
be equally valid for deposition based on disilane. In
this paper we compare conventional and rapid ther-
mal annealing ofin situ phosphorus doped silicon.
The electrical characteristics of the polycrystalline sil-
icon films subjected to these two methods of anneal-
ing and dopant activation are compared. A reduction
in processing time and control are obvious advan-
tages of rapid thermal annealing over conventional
annealing.
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2. Experimental
The LPCVD reactor employed in this study is com-
monly used in the semiconductor industry and has been
described previously [4]. The reactor consists of a dif-
fusion furnace and a fused silica tube. A fused silica
boat is normally used to hold wafers in a close-packed
vertical arrangement in an axially symmetrical position
in the tube. The reactor is pumped by a two-stage rotary
pump. A Baratron gauge is used to measure the reactor
pressure, with typical pressures in the range of 0.1–1
torr. Mass flow controllers with a range of 0–100 sccm
are normally employed. A motorised throttle valve or
nitrogen mass flow controller are commonly used to
control the reactor pressure.

Annealing was done either in a conventional furnace
at 800–950◦C in a nitrogen atmosphere for 30 to 50 min
or using a rapid thermal annealer 2101 model AG As-
sociates at∼=1200◦C for 30–90 s. The sheet resistance,
spreading resistance and grain size were measured.

3. Results and discussion
The sheet resistance as a function of annealing time for
in situ doped polycrystalline films annealed at 950◦C
for 30 min in an atmosphere of nitrogen is shown in
Fig. 1. Unannealedin situphosphorus doped films gave
a value of 190Ä/u for 2000Å thick coatings. This
dropped rapidly to about 70Ä/u after annealing for
30 min. A further 20 min anneal of the same sample
caused a decrease in resistivity to 50Ä/u. A resistivity
value of 42Ä/u was achieved after another 10 min
anneal. Hence, initially the resistivity drops rapidly for
the first 30 min which may be attributed largely to the
activation and redistribution of dopant moving from the
grain boundaries into the crystallites. The dopant atoms
in the crystallites are active and reduce the resistance
of the films whereas those in the grain boundaries are
trapped and inactive. Further anneals reduced the resis-
tivity as a result of grain growth which increases active
phosphorus present in the crystallites and decreases de-
fect levels. Grain growth increases the relative volume
of the crystallites to grain boundaries which in turn re-
duces the resistance of the films.

Figure 1 Sheet resistance as a function of annealing time forin situ
doped polycrystalline films using conventional annealing.

Figure 2 The effect of annealing time on the sheet resistance forin situ
doped silicon deposited at 630◦C in an inert nitrogen atmosphere using
rapid thermal annealing.

It was found that longer periods of time at high tem-
peratures caused a redistribution of dopants in existing
device structures therefore it is attractive to employ
methods capable of activating dopants much more
quickly. This may be achieved via rapid thermal ann-
ealing (RTA) where high temperatures are employed for
very short periods between 30 to 60 times less than con-
ventional annealing. Fig. 2 shows the effect of anneal-
ing time on the sheet resistance forin situdoped silicon
deposited at 630◦C in an inert nitrogen atmosphere. Af-
ter 60 s the sheet resistance drops dramatically due to
dopant activation to a value of about 80Ä/u. A sec-
ond anneal for 60 s resulted in a drop in the resistivity
to a value of 75Ä/u. However, subsequent anneals
showed very little changes in sheet resistance. It was
concluded that no further reduction in sheet resistance
took place because 60 s annealing time was not suffi-
cient to initiate and sustain grain growth. Most of the
dopants present had been activated i.e., moved from the
grain boundaries into the crystallites.

An important consideration, in addition to sheet re-
sistance, is the distribution of dopants within the film
as a function of depth. The dopant distribution and
spreading resistance for various depths are shown in
Fig. 3. From the same figure it is evident that the sheet
resistance is not uniformly distributed but, there is a
variance in the unannealed sample of thein situdoped

Figure 3 The dopant distribution and spreading resistance as a function
of depth.
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Figure 4 Dopant levels and spreading resistance as a function of depth
for in situ doped films annealed at 950◦C for 30 min in a nitrogen
atmosphere using conventional annealing.

polysilicon films. Spreading resistance only measures
dopants that are active and excludes inactive dopants
trapped within the grain boundaries. The total dopant
level is the sum of the active and inactive dopants (i.e.,
the sum of dopants in the crystallites and dopants in
the grain boundaries). As already mentioned it is be-
lieved that annealing redistributes dopants within the
film resulting in a more uniform profile. This is clearly
evident from Fig. 4 which shows the dopant levels and
spreading resistance ofin situ doped films annealed at
950◦C for 30 min in a nitrogen atmosphere. In this
film the phosphorus is more uniformly distributed. In-
terestingly, the dopant level at the surface as well as the
average value is somewhat higher than the unannealed
sample. This supports our hypothesis that dopants may
move out of grain boundaries and into the crystal-
lites thus becoming electrically active. Simultaneously,
grain growth during annealing reduces the defect levels
available to trap the dopants once again contributing to
a high amount of active dopants. Further investigation
using a technique that can measure total dopant content
such as secondary ion mass spectrometry (SIMS) would
be useful for both annealed and unannealed samples to
further validate the above hypothesis.

Fig. 5 shows the variation in carrier concentration
and spreading resistance with film thickness forin situ

Figure 5 The variation in carrier concentration and spreading resistance
with film thickness forin situ doped polycrystalline silicon samples
annealed in nitrogen for 30 s at 1200◦C using rapid thermal annealing.

Figure 6 Crystallite size and film resistivity as a function of film thick-
ness.

doped polycrystalline silicon samples annealed in ni-
trogen for 30 s at 1200◦C via RTA. The rapid thermal
annealing method gives a much more uniform dopant
profile which is similar to that obtained for conventional
annealing. As previously, the dopant concentration is
also higher. This can be explained by the movement
of the phosphorus out of the grain boundaries and into
the crystallites which also corresponds to a decrease in
spreading resistance.

Finally, measurements of crystallite size were car-
ried out at different film thicknesses for in-situ doped
films which had been annealed using RTA for 60 s and
the results obtained are shown in Fig. 6. These results
show that as the film thickness increased, the crystal-
lite size also increased. For film thicknesses of 0.1µm,
the average crystallite size is about 0.1µm on aver-
age which increases to about 0.26µm for film thick-
nesses of about 0.3µm. The average crystallite size
eventually reaches to about 0.35µm for films that are
0.6µm thick. The crystallite size increases rapidly for
the lower film thickness range but increases gradually
for thicker films. As expected from our previous ar-
guments relating to active and inactive dopants in the
crystallites and grain boundaries respectively, the film
resistivity follows the opposite trend to the grain size.
The film resistivity drops rapidly for thinner films and
then levels off for thicker films. Examination of crystal-
lite shapes show them to have ‘V’ shaped appearance
when examined using cross-sectional TEM. As the film
gets thicker the average grain size is thus expected to
increase rapidly and then level off. Near the interface
there are many more grain boundaries than crystallites
and thus more inactive phosphorus present compared
to active phosphorus. This results in a high film resis-
tivity for thinner films compared to thicker films. As
the film thickness increases, less grain boundaries rel-
ative to crystallites are present which corresponds to a
reduction in resistivity.

4. Conclusions
In situ phosphorus doped polycrystalline silicon films
have been annealed using both conventional and RTA.
Results from resistivity, dopant concentration, spread-
ing resistance and crystallite size measurements are pre-
sented and compared. It has been shown that RTA gives
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uniform dopant profiles, is highly effective for activat-
ing inactive phosphorus, requires much less processing
time and is therefore an attractive alternative to conven-
tional annealing forin situphosphorus doped films.
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